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In Brief Lambert et al. show that in a mollusk embryo, the Dpp/BMP2-4 pathway mediates the activity of the D-quadrant organizer, which is found in a number of groups with spiralian development. Unlike some other systems, here the pathway activates, rather than inhibits, neuroectoderm specification.
In some animal groups, the secondary embryonic axis is patterned by a small group of cells, often called an organizer, that signals to other cells to establish the correct pattern of cell fates. The Dpp/ BMP2-4 pathway plays a central role in secondary axis patterning in many animals [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , but it has not been examined during early axial patterning in spiralian embryogenesis. This is a deeply conserved mode of development found in mollusks, annelids, nemerteans, entoprocts, and some marine platyhelminth groups (reviewed in [12, 13] ). In the spiralian embryo of the mollusk Ilyanassa, we find that the Dpp ortholog (IoDpp) is expressed most strongly on the dorsal side, in cells of the embryonic organizer and its neighbors. Phospho-smad staining indicates that the pathway is active in all lineages during organizer signaling, but activation is strongest on the dorsal side. Knockdown of IoDpp by morpholino oligos prevents the development of all structures that require organizer signaling and ventralizes the embryo. Ectopic activation of the pathway can induce eyes and external shell, which require organizer signaling. These results indicate that Dpp/BMP2-4 signaling is a key part of the spiralian organizer and suggest similarity with other metazoan organizers. However, the fact that IoDpp/BMP2-4 is inducing, rather than repressing, the neuroectoderm is a surprising difference that may be conserved among spiralians. These results connect the spiralian organizer to this general aspect of secondary axis patterning but highlight the significant variation across animals in effects of the pathway on particular cell types and tissues.
RESULTS AND DISCUSSION
The embryos of mollusks and annelids are the best-studied examples of spiralian development. In both of these groups, there is embryological evidence for an organizer activity in the D lineage. In the mollusk Ilyanassa, the activities of the organizer cells have been defined by cell ablation experiments, which show that the D macromere is required for fates in multiple other lineages and that signaling is underway by the 24-cell stage and ends sometime after the birth of 4d [14] [15] [16] [17] (summarized in Figure 1 ). The organizer cell occupies a dorsal-posterior position in the embryo, and the cells that require organizer signaling are on the dorsal and lateral sides of the blastula, although some of their progeny end up ventral or posterior after gastrulation ( Figure 1 ). Similar organizer activity has been demonstrated in a number of other mollusks [18] [19] [20] [21] . In annelids, there is also evidence for an organizer [22] [23] [24] [25] . It has been best defined in the polychaete Capitella, where 2d is required for normal ectodermal, mesodermal, and neural patterning across the embryo [26] . In Ilyanassa and other mollusks, the ERK1/2 MAP kinase pathway has been implicated in organizer function [25, [27] [28] [29] . The signals that activate ERK1-2 or mediate other aspects of spiralian organizer signaling are unknown.
Expression of IoDpp and Other Components of the Pathway
IoDpp message is radially symmetrical around the animal vegetal axis in early cleavage stages, then becomes increasingly abundant on the dorsal side as development proceeds (Figure 2 ). During the period of organizer signaling that has been inferred by embryological experiments, IoDpp message is abundant in the organizer cells 3D and its daughter 4d. However, there is also significant expression in other cells, especially the dorsal thirdquartet cells 3c and 3d. By the 59-cell stage, IoDpp is restricted to the centrosomes of the 4d teloblast cells 4d1ML and 4d1MR, and in 3c 1 and 3d 1 ( Figures 2Q and 2R ). The message is lost shortly after this stage and is not detectable for several days of development, until organogenesis.
To examine the pattern of canonical IoDpp pathway activity across the embryo, we used an antibody against the phosphorylated residues in activated Smad1/5/8 proteins [33] . IoSmad-1/ 5/8 is expressed in all cells during organizer signaling ( Figure S1 ). Since activated Smad-1/5/8 goes to the nucleus, p-Smad staining indicates which cells are receiving and transducing the Dpp signal. Staining was significantly reduced by IoDpp knockdown and enhanced by ectopic BMP4 protein treatment (see below), indicating that it is recognizing the Ilyanassa Smad-1/5/8 protein.
Staining was not detected in zygotes and the two-cell stage, but at the four-, eight-, and 12-cell stages, staining was in all nuclei and on the chromatin during mitosis. When the 1abc cells are dividing (the 12-to 15-cell stage), staining is lost from 1d and then the rest of the first-quartet cells, which generate the head ( Figure 2C ). Staining is gained and lost from first-quartet cells in a complex temporal pattern during organizer signaling (Figure 2 and legend) . Among other cells, nuclear staining is initially ubiquitous then becomes increasingly biased toward the D-quadrant side of the embryo, so that by the 41-cell stage, after 4d is born, there is a clear gradient of p-Smad from the D-quadrant to B-quadrant sides of the embryo in nuclei and the cytoplasm (Figures 2O and 2P ).
Knockdown of IoDpp by Morpholino
We tested two non-overlapping morpholino oligos (MOs) targeted to sequence near the predicted start of IoDpp. Each gave the same range of phenotypes ( Figure 3 ; Table S1 ). After injection of either morpholino at 0.25 mM, development was wild-type. After injection of 0.5 mM MO, some tissues were recognizable, but the shell and foot were poorly formed (Figure 3D ). In the head, velar tissue was often present but eyes were almost always absent. Internal organs were variable. After injection of 1 mM MO, gastrulation was grossly normal, but by the second day, when controls had distinct bilateral morphology, the injected animals were radialized and somewhat disorganized. By day 4, when controls are well into organogenesis with obvious axial specification, injected animals are still disorganized and starting to lose yolk from inside and cells from the outside ( Figure 3E ); these 1 mM MO-injected animals died at 5-6 days. The phenotype is similar to other perturbations that affect organizer signaling, like polar lobe ablation or ERK1/2 inhibition, in that no dorsal-ventral patterning is observed and organ structures do not form. However, it is more severe than either of these. No velar bands form, and there are no recognizable patches of esophagus, as observed in PL À or ERK1/2-inhibited animals [29, 34] . These tissues are not recognizable in PL À or ERK-inhibited animals until after the stages when IoDppMO larvae are starting to fail, so it is possible that these tissues are developing but the embryos die before we can recognize them ( Figure 3B ). To test for the specificity of this radialized phenotype, we injected IoDppMO3 and IoDppMO4 together at 0.25 mM each. These animals were most similar to injecting either morpholino at 1 mM: they had no recognizable organs, but did have some patches of short cilia ( Figure 3F ). They were less severe than 1 mM injections in that they were not losing yolk at 6 days, lived at least 8 days, and we did observe some internal biomineral material, as is sometimes seen in PL À animals [34] . This result indicates that even the severe effects of 1 mM injection of either morpholino are due to specific knockdown of IoDpp. Since these did not have esophageal tissue at stages when it can be scored in controls and polar lobe ablations, these results indicate that IoDpp signaling is also required for proper specification of the ventral third-quartet cells 3a and 3b, which produce this structure [35] .
To better understand the effects of IoDpp knockdown on dorsal-ventral patterning in the blastula, we examined the expression pattern of Io2bRNA. This transcript encodes a novel protein At the 1-to 2-cell stage, a vegetal lobe of cytoplasm (the polar lobe, PL; lateral view) forms during cytokinesis and is inherited by one cell. This is repeated at the second division, so at the four-cell stage there is one larger macromere that has inherited the polar lobe and is thus specified to be the D macromere (animal pole view). In successive cleavage cycles, the macromeres divide synchronously toward the animal pole to produce sets of four micromere cells called quartets; the first quartet is born at the eight-cell stage, the second is born at the 12-cell stage, and the third is born at the 24-cell stage. The D-quadrant fourth-quartet micromere (4d) is born before the other fourth-quartet cells, at the 28-cell stage (37-cell stage shown; dorsal view). Ablation experiments have defined the D-quadrant organizer in Ilyanassa. Removing the polar lobe prevents the D quadrant from being specified, leading to a characteristic phenotype with disorganized ciliated bands and patches of mouth tissue but no eyes, foot, or external shell. Ablation of the D macromere at the four-, eight-, and 12-cell stages gives the same phenotype. Since the D macromere at the 12-cell stage (called 2D) does not directly contribute to most of the missing structures, this indicates that the D macromere is signaling to the micromeres to specify the appropriate pattern of cell fates. In the next cell cycle, midlate 3D macromere ablations have increasingly better morphology, indicating that the requirement for signaling is being met in this interval. Even ablation of 4d, the daughter cell of 3D often causes mild defects in organizer-dependent tissues, indicating that it is still signaling to the micromeres. (B) Simplified fate map of the Ilyanassa blastula at the 24-cell stage [15, 16] . The cells that generate the structures that are missing after organizer ablation (i.e., foot, shell, and eyes) are on the dorsal and lateral sides of the blastula. However, during gastrulation and morphogenesis, some structures induced by organizer signaling end up ventral, like the foot, and posterior, like the shell. Thus, the secondary axis patterned by organizer signaling in the blastula is commonly considered the embryonic dorsal-ventral axis, but it does not directly correspond to the dorsal-ventral axis of the larva except in the head.
and is specifically expressed in several cells in the 2b clone, on the opposite side of the embryo from the organizer ( Figure 3O ; Xin Yi Chan and J.D.L., unpublished data). After 1 mM IoDppMO injection, the transcript is found in all quadrants, indicating that they have taken on B-quadrant identity. The same pattern is observed after polar lobe ablation and ERK inhibition (Figure 3O-3R ).
Knockdown of IoDpp in the D-Macromere Organizer
We wondered how much of the zygote injection phenotypes were due to Dpp knockdown in the organizer cell, versus knockdown in other lineages. We injected the IoDppMO4 morpholino in the D macromere at the four-, eight-, 12-, and 24-cell stages ( Figures 3G-3I) . Overall, the injections gave a similar set of phenotypes to our concentration series of zygote injections, and some embryos were as severe as 1 mM zygote injections, indicating that Dpp signaling from the D quadrant is required for organizer activity ( Figure 3J ). The improved morphogenesis observed after later injections is most likely because more translation occurs before knockdown. However, the effect may also reflect the smaller set of cells in which Dpp is knocked down in later injections-for instance, 3d can signal after injection of 3D, but not after injection of its mother cell, 2D. In addition to severe and moderate phenotypes that resembled zygote injections, we found a mild phenotype that was prevalent after D injection at the 24-cell stage (i.e., into 3D). These animals had 
. IoDpp Expression and Smad1 Activation during Organizer Signaling
The mRNA is ubiquitous in the unfertilized egg, zygote, two-cell stage, and four-cell stage and then localized to macromere centrosomes at the eight-cell stage and segregated to the second quartet (data not shown and [30] ). (A-D) At the 12-to 16-cell stage, the mRNA is on the centrosomes of all macromeres and secondquartet cells and in the cytoplasm of all cells (A and B). The message is most abundant in the dorsal quadrant cells 2D and 2d. P-Smad embryos at similar stages to the corresponding IoDpp mRNA embryos are shown (C and D). Nuclear staining with p-Smad is DAPI, pseudocolored red to make it easier to judge colocalization. p-Smad is detected in the nuclei of all macromeres and secondquartet cells and on the chromosomes of 1abc, which are dividing. It is not detected in the nucleus of 1d and will be lost shortly from 1acb derivatives. In cytokinesis in some mitoses, we observe p-Smad staining on midbody microtubules, and in some sister cell pairs there is staining on midbodies at interphase. This has not been reported before, but in D. melanogaster, the Smad scaffolding protein Sara has been found to localize to midbodies, so this may be a conserved aspect of smad function (arrowhead in D) [31] . (E-H) At the 24-to 27-cell stage, the message is on the centrosomes of second-and third-quartet cells and abundant in the cytoplasm of the organizer cell 3D (E and F). p-Smad is in all nuclei, except 1abc 1 , which are dividing (G and H; activation has returned to 1d 1 and 1d 2 ). p-Smad is sometimes seen on centrosomes, as observed in mammalian cells (H, arrowhead) [32] .
(I-L) Around the 35-cell stage, 3D has divided, and the IoDpp transcript is abundant in its daughter cell 4d, which continues organizer signaling. The message is also centrosomal in 3abc and abundant in the cytoplasm of 3d (I and J). p-Smad is weak in most first-quartet cells but is detected in third-quartet cells and some second-quartet cells (K and L). (M-P) Around the 41-cell stage, after 4d has divided, the message is found in the 4d daughter cells 4dL and 4dR, in 3d 1 , and on the centrosomes of 3abc 1 (M and N). Cytoplasmic p-Smad is present in a distinct gradient from dorsal to ventral and is also generally stronger in dorsal nuclei compared to ventral nuclei (O and P). Staining is strong in the 1abcd 11 nuclei but absent from the chromatin of the 1abc 12 cells, which are dividing.
(Q-T) By the 59-cell stage, the IoDpp message is restricted to the centrosomes of the 4d teloblast stem cells 4d1ML and 4d1MR, the centrosomes of 3c 11 and 3c 12 , and the cytoplasm of 3d 1 (Q and R). All nuclear p-Smad staining is gone, and the only signal is in numerous small puncta (S and T; the teloblast cells are dividing in this embryo). All panels are 230 mm square. See also Figure S1 . ). Moderate animals have at least one organizer-dependent structure, i.e., eye, operculum, statocyst or external shell (e.g., D and G).
Severe animals have no organizer-dependent structures and generally die at 5-6 days (e.g., E).
(K-N) Loss of p-Smad after IoDppMO injection. Control (K and L) and 1 mM IoDppMO4-injected (M and N) embryos, both around 24-to 27-cell stage. They were processed and imaged in parallel, and the sensitivity was set high so that p-Smad was barely detectable in the injected embryo, whereas the signal from most nuclei in the control is beyond the dynamic range. Table S1 .
nearly normal development of the head and foot and elongated shells. The shells contained some yolk but lacked most internal organs ( Figure 3I) . One of the daughters of 3D is 4d, which produces endomesoderm. 3D-injected animals did not have hearts, larval retractors, or intestines-the three derivatives of 4d that we scored. These animals have basically normal development of organizer-dependent structures, suggesting that knockdown is too late to impact organizer signaling but that Dpp is required in the 4d lineage.
Ectopic Activation of the IoDpp Pathway
We tested the effects of over-activating the IoDpp pathway by incubating embryos in human recombinant BMP4 ligand, which is 72% identical and 90% similar to the IoDpp ligand. Addition of hrBMP4 at various concentrations and stages had very specific effects on head development, whereas the other larval structures were wild-type. We treated embryos from the 24-cell stage to 4 hr after the 28-cell stage with 1 mg/ml. As larvae, 27 out of 33 had at least one extra eye, and 18 out of 33 had two (or in one case three) extra eyes (e.g., Figure 4C ). In addition, when treated embryos had two eyes, they were usually too close together (Figure 4B ). This phenotype, called synopthalmia, is observed after ablation of 1b, the cell that generates the ventral and medial parts of the larval head ( Figure 1 ) [36] . The BMP4-treated embryos had much higher p-Smad levels, and activation was observed in 1b derivatives that did not have activation in controls ( Figure 4K ). In addition, treatments later in the sensitive period caused activation at stages when endogenous p-Smad activation had ended (data not shown). Thus, the p-Smad activation pattern after BMP4 treatment was consistent with spatially and temporally ectopic activation of the pathway. Ectopic protein was sufficient to induce ectopic eyes, but not other structures that were lacking after IoDpp knockdown, like the shell and foot. We wondered whether this difference was due to robustness of the intact Dpp signaling system. To address this, we ablated the organizer by removing the polar lobe. Polar lobe ablation animals (PL À ) always lack organizer-dependent structures like eyes, external shell, and foot [34, 37] . PL À embryos treated with 1 mg/ml hrBMP4 from the 24-cell stage to 5 hr after the 28-cell stage developed eyes at high frequency (32 out of 35 with one or more eyes; 29 out of 35 with two or more eyes). Many had well-formed external shells (seven out of 35), and others had external patches of biomineral material that are most likely shell material (13 out of 35). These structures are not observed in PL À animals ( Figure 4D ) [34, 37] . Polar lobe ablation animals do occasionally have internal biomineral masses; in our experiments, these were not observed at all in the controls but were common after BMP treatment (12 out of 35). Thus, Dpp/BMP activity is both necessary and sufficient for eye and shell formation, indicating that this pathway is a key part of the spiralian organizer signal. The pathway may be permissive, rather than instructive, for specification of foot progenitor cells 3c and 3d. Alternatively, since they are adjacent to the organizer cells and contain large amounts of IoDpp mRNA themselves, it may be that these cells need autocrine signaling or higher activation than we provided with ectopic protein.
The role for IoDpp signaling in eye development is particularly striking because the pathway directly inhibits neuroectoderm specification in vertebrates and arthropods (discussed below).
In Ilyanassa, the eyes develop within the cerebral ganglion [38] , and the ectopic eyes that we saw after BMP treatment were inside clusters of cells that resembled ganglia. To confirm that there was a general expansion of the neuroectoderm, we examined the pattern of Pax-6 mRNA in treated and control embryos. IoPax-6 is expressed in the neurogenic cephalic plates on either side of the head, where proneural cells ingress to form the cerebral ganglia (Figure 4I ; J.D.L. and A.B.J., unpublished data). Treated embryos had ectopic IoPax-6 expression in the midline between the normal bilateral cephalic plates, consistent with expansion of neuroectoderm caused by activation of the Dpp/ BMP2-4 pathway (Figures 4I and 4L) .
These results identify Dpp/BMP2-4 signaling as a key component of the D-quadrant organizer in Ilyanassa. IoDpp activity is necessary for all the organizer-dependent structures, and it is sufficient at least for eyes and shell. How might a relatively short window of IoDpp signaling be required for so many different fates in the blastula? First, there is thought to be significant prepatterning in the blastula before organizer signaling begins. Different responses to organizer signaling by different quartets have been demonstrated by transplant experiments [39] , and quartet-specific RNA segregation most likely contributes to this [30, 35, 40, 41] . Second, given the gradient of activity, there are concentration differences between equivalent cells that could select different fates-such differences can be seen between dorsal third-quartet cells 3c and 3d compared to ventral 3a and 3b ( Figures 2O and 2P ). Finally, a third mechanism seems to be operating with these first two to modulate the effects of the activity gradient. Based on the pattern of p-Smad activation that we saw, the highly regular spiralian cleavage pattern seems to allow fine-scale temporal regulation of how different cells respond to this gradient. In the first quartet in particular, the pattern of activation is changing much faster than the IoDpp mRNA distribution, and changes in the activation pattern may be linked to cell division timing. This suggests that cell-intrinsic factors are temporally restricting competence to respond to the signal. This is reminiscent of a clock and wave-front model, in which cellular timing mechanisms control the response to a changing gradient.
Evolution of Dpp-BMP2/4 Signaling in Dorsal-Ventral Patterning
In both flies and frogs, Dpp/BMP signaling from one side of the embryo restricts the neuroectoderm to a discrete zone on the opposite side of the embryo where centralized nervous system will form. In flies the signal is dorsal and the CNS is ventral-in vertebrates, this is reversed [1, 2] . In both of these systems, the pathway also positions muscle and orients axial extension. This is strikingly similar to the role of Dpp-mediated organizer in Ilyanassa, which also occupies a posterior-dorsal position at the blastopore, generates the mesoderm, and directs axial extension. However, the positive effect of Dpp signaling on neural specification in Ilyanassa is directly opposite its noted role in vertebrates and arthropods.
As described above, there is broad comparative evidence that Dpp/BM2-4 signaling is a conserved mechanism of secondary axis patterning across animals. However, the anti-neural effect of signaling during neuroectoderm specification is much less conserved than this general role in axial patterning. In both arthropods and vertebrates, the anti-neural activity of Dpp/ BMP2-4 signaling is observed early in development, when the neuroectoderm is delineated; in a later phase, the pathway is active in the CNS and required for neural patterning [42] . Thus, to determine whether the pathway represses the neuroectoderm in other taxa, it is crucial to examine its role during the early embryonic segregation of neural territories, rather than later neural patterning. In ascidians, cephalochordates, urchins, and arthropods, an early role in repressing the neuroectoderm has been demonstrated [4, 6, 7] , but there is no such activity in cnidarians or hemichordates [5, 9, 43] . In other taxa, the relevant stages have not been examined. In the annelid Platynereis, treatment with recombinant BMP protein disrupts patterning of the nervous system [3] , but its role has not been reported at earlier stages when the trunk and head neuroectoderm are being specified.
Polychaetes have a D-quadrant organizer, which induces eyes, among other things, and is presumably homologous with the mollusk organizer [26] . It will be interesting to learn whether Dpp/BMP2-4 signaling mediates signaling in this group and its effect on the neuroectoderm. In planarians, RNAi of Dpp in intact and regenerating adults causes ectopic nervous tissue to form [8] . Although certainly consistent with an anti-neural role, it is also consistent with a general dorsalizing patterning role, since the nerve cords form ventrally and other ventral structures also form after knockdown. The role of the pathway during embryonic neuroectoderm specification has not been reported in any platyhelminth flatworm. Thus, in spiralians, we have some evidence for later neural patterning roles for Dpp/BMP2-4 signaling, but this report is the first to examine its role in the initial specification of the neuroectodermal lineages. Additional studies during the early stages of other spiralians and ecdysozoans will clarify the role of this pathway in delineating neural territories at the base of the Bilateria. For now, implication of Dpp signaling in the activity of the ancient spiralian organizer supports the view that the Dpp/BMP2-4 signaling is a conserved aspect of secondary axis specification across animals, but its effects on particular cell types have evolved in concert with the origin of different animal body plans.
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